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ABSTRACT

Author: Jain, Vaibhav. MSME
Institution: Purdue University
Degree Received: December 2017
Title: A Wearable Paper-based Dermal Platform for Monitoring Perspiration
Major Professor: Babak Ziaie and Çağrı A. Savran
Consumer scale wearable devices have the potential to shift the healthcare paradigm from
curative to preventive by allowing unobtrusive monitoring of important physiological parameters.
Towards such a goal, this work presents a flexible and conformal, paper-based dermal platform
(patch), for real time in-situ perspiration monitoring and quantification to aid in maintenance of
hydration balance. Depending on the bio-metrics of the user and desired application, the wicking
based platform having a spiral design with spokes/fingers of increasing length emanating from a
central sweat collection region, can be customized in size and shape to sequentially trigger
feedback (passive chemical color change on the tip or actively lit LED or provide haptic or audio
feedback) for providing discretized chronological sweat loss information to the user.
A design methodology has been developed to make patches tunable to a wide range of specific
sweat rates, duration of usage, resolution, and size required in practice. As proof of concept
demonstration, we have characterized patches that cover about (5cm X 5 cm) area of skin using
various flow rates simulating different heavy sweating intensities in the range of 1.526-15.26
𝑚𝑔
𝑐𝑚2 ∗𝑚𝑖𝑛

and various wicking material compositions, thicknesses (180 – 540 µm), and porosities (3

– 11 µm). Experimental results for a case of a half marathon runner targeting 90 minutes of usage
𝑚𝑔

and sweating at a rate of 1.526 𝑐𝑚2 ∗𝑚𝑖𝑛 indicated accuracy of the design within 1.7 %. A working
prototype of a LED based add-on capacitive electronic module of size 3.5 cm X 3.5 cm X 0.5 cm
was also developed and demonstrated to work in conjunction with the paper platform, providing
unobtrusive active feedback to the user.
The disposable nature of the primary device along with reusability of the active electronic
module presented herein allows large scale, low cost fabrication and consumption required for
athletic or healthcare markets while opening avenues for higher performance by making it an IOT
based device.
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1. INTRODUCTION

1.1

Background
Hydration is a delicate physiological parameter with even small deviations of 2% from

normal levels negatively affecting a person’s cognitive and physical performance by over 30%[1].
Moreover, chronic dehydration can cause cramping and faintness, which can lead to more serious
conditions such as heat exhaustion and stroke. Hydration-related issues are especially common
during endurance races, due to the athletes’ inability to adapt their hydration needs to
environmental factors or to optimize hydration by feel (i.e., subjective assessment) alone[2].
Studies have shown that more than half of all marathon runners have experienced a major decrease
in running performance due to being dehydrated, and at least 1/3 of all marathon runners have
suffered heat-related illness symptoms (e.g., severe muscle or stomach cramping, lightheadedness, dizziness, nausea, or loss of ability to think clearly) during a run due to being
dehydrated; despite such severe effects, more than 70% of marathon runners don’t use any method
to monitor their hydration status[3].In these kind of sporting activities, the most common cause of
dehydration is due to sweat loss for thermoregulation[4]. Dehydration can also cause death if the
fluid loss is more than 10-15% of the body weight and is not replenished[5]. In addition to
dehydration, improper rehydration protocols can also lead to potentially fatal hyponatremia
conditions[6]. Monitoring of hydration is very important during sporting activities as in addition
to avoiding medical emergencies, it can also provide information about the athlete’s physiological
capacity and efficiency under stress. This data can also be used for preparing personalized training
and recovery schedules aiming towards better health and performance[7].
Measuring hydration is a non-trivial task requiring quantification of input-output water
balance. Standard clinical and athletic approaches rely on the analysis of biomarkers such as blood
serum ion concentration, urine color/osmolality, and body mass[8] . Each of these methods,
however, poses various shortcomings such as the need for a non-portable scale to measure the
athlete's weight, delayed indication of dehydration in addition to difficult sample access and
preparation in case of urine color, and invasiveness during blood serum sampling[9]. Moreover,
these approaches do not account for a variety of other factors which affect hydration, including
humidity, heat index, fitness, pre-activity nutrition, and sleep quality[10].
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Sweat as a biofluid for analysis is very exciting as it is non-invasive, can be stored for long
periods without any adulterations[11], doesn’t require sample preparation and can provide
information quickly[12]. Sweat analysis can also be readily integrated with the many devices in
the flourishing wearables ecosystem[13]. As a result, the development of sweat monitoring devices
has accelerated recently in the scientific community; various systems have now been commercially
available for decades and are routinely used in clinical research. However, the modern focus of
sweat analysis has been popularly on drug detection, electrolyte detection and there is growing
work for detection of other analytes like Lactate, Glucose, Proteins, etc.
A lot of work both commercial and scientific have been done to develop sweat sensors for
detecting the concentration of analytes present in sweat as a surrogate for several medical
conditions including drug overdose detection[14][15], heavy metal concentrations[16][17][18],
pesticide concentration detection[19], disease diagnostics[20][21][22], etc.. For many of the early
work, sweat sampling and collection devices used to be separate than the equipment used to
analyze the sample. Examples include the Macroduct and Megaduct (ELITECH Wescor® Inc.,
Logan, UT, USA) systems that employ a plastic capillary-coil device to wick the sweat off the skin
surface up to 0.1 mL and 0.5 mL respectively, usually of the forearms, over a period of up to 75
minutes[23]. Another popular commercial sweat collection device is the PharmCheck® or
PharmChek® (PharmChem Inc., Fort Worth, TX, USA) sweat patch which has been available
since 1990 [24]; however, it requires preparation of the skin site prior to usage. For analysis, these
kind of sweat samplers are usually associated with the analytical instruments[25]. Latest work in
this

domain

include

a

specifically-designed

agarose

hydrogel

micro

patch

with

polytetrafluoroethylene (PTFE) support through which very small amounts of sweat can be
analyzed directly within minutes using various Mass spectroscopy platforms[26]. Approaches
such as these are suitable for clinical studies, where requiring subsequent lab process is not an
impediment and accurate quantification of dissolved analytes is more important than rapid
assessment of perspiration. Still, clinical use of sweat sampling and analytical techniques is
presently limited due to high costs [27], time consuming sampling, infectivity hazards, and the
need of volume normalization[28].
During the past three years, researchers have developed more practical and economical
sweat sensing patches with various sampling and sensing modalities that focus more on rapid
clinical assessments required by a growing hydration-conscious population [29] and for improving
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commercial/consumer adoption of sweat sensing. However, publications in this domain have often
focused on real time specific analyte sensing functionalities (e.g. pH measurement[30][31], ion
quantification[32][33], glucose detection[34] or lactate detection[35], etc.) [36],[37]. Although
more user-friendly than before, these devices are mostly either electrochemical ion selective
electrode based, bio impedance based systems, stripping based or enzymatic sensors [38] (which
are expensive) or still use expensive materials such as PDMS or are bulky or do not have good
temporal resolution [39][40][41][42][43]which keeps them out of reach of majority of the global
population for day to day usage and makes them difficult to scale up. Moreover, many of them
require the wearer to interpret the results through complex steps, potentially diverting focus from
other more important tasks (e.g., winning a marathon). Because of the personal nature of sweat
inter subject variability and intra subject variability as shown in Figure 1.1, is another big
challenge[44].
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Figure 1.1: Inter-regional variability of sweating rates[45].
Because most of these devices target detailed analysis of sweat based on presence of
different analytes and are not specifically for sweat rate analysis, they are over designed which
renders the system expensive, bulky, non-real time, complex, unreliable, non-portable, requiring
trained handling, etc. particularly for applications such as sports requiring seamless system
integration.
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Taylor et. al.[45] review devices and techniques especially used for measuring sweat rate
and found that most of the work done specific to this application is the work from early days and
include methods like gravimetry[46] which was discovered in 17th century. Even today, the
preferred method for determining whole body sweat rate is a variation of the same[45]. Sweat rates
are derived from the mass of sweat collected, or from changes in mass of the filter papers or patches,
but these methods are suited primarily to steady-state conditions[42]and can sometimes result in a
progressive occlusion of sweat ducts and sweat suppression. The water vapor content of a gas can
be measured using a range of methods as mentioned in this review and can be used to quantify
trans epidermal water loss. The modern hygrometric methods of choice, where both timing and
quantification precision is required, rely upon the effect of water vapor on electrical resistance and
capacitance. [43]
Athletes could benefit from a radically low-cost device that offers a more quantized
feedback design and/or active (e.g., haptic, audible, illuminated) feedback with an emphasis on
chronological quantification of perspiration loss for fluid replacement (not necessarily analysis of
specific analytes) without affecting the user body and can be customized to be used by any
individual.
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1.2

Project Description and Thesis Outline
To address this need for real time, in-situ user-friendly feedback for perspiration loss with

active chronological fluid replacement recommendations, while maintaining patch simplicity for
scale up at extremely low costs (<$1 per device), we have developed a wearable, dual-module,
paper-based platform with simultaneous passive and active indicators. The sensor platform
comprises two modules: a disposable wicking-based sweat collection patch with discrete
colorimetric feedback, and a reusable electronic detachable module for active feedback. The
disposable patch consists of paper laminated between two polymeric films. The paper is patterned
with a unique radial finger design that offers nearly linear discretized visual readout of the sensor.
The patch size is rapidly customizable using commercial laser engravers to accommodate a broad
range of sweat rates and volumes, so can be customized to an individual’s sweating rate, desired
time of usage and resolution of the feedback required. The active module attaches to the film and
alerts the user when the film collects a pre-determined volume of sweat.
This multi-feedback system offers not only dramatically lowers the price point of access
due to cheap disposable paper patch but also provides a greater value to high-performance athletes
who value unobtrusive objective quantification of perspiration during their competitive activities.
Consider a scenario like a marathon where there can be tens of thousands of athletes both amateur
and professional, a low-cost platform like this can not only provide a way for each participant to
plan their hydration strategies to improve performance but also aid the race organizers and the
paramedics to manage any medical emergencies, making sure that each of the tens of thousands of
participants is safe. We have validated the design as well as choice of materials by doing extensive
experiments with respect to varying sweating intensities (flow rates), thickness of the device as
well as the porosity of the material of the device.
Although, the electronic module prototype developed herein is used for simple detection, but it
can easily be extended in its applications by connecting it to smart phone or other smart devices
as that would allow storing the information from the patch and device and doing better analyses
using information from the grid (internet). By making it an IOT device, the applications can
become limitless as then the data can be used to learn and better predict an individual’s
performance in varied conditions.
Chapter 2 presents the concept behind the platform and the feedback module, and develops
the generic design methodology to produce geometric parameters of the platform which can cater
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to any individual’s sweating rate, time of usage according to the application and desired resolution
of feedback without exceeding the desired overall size of the patch. The design algorithm is
illustrated with the help of patch design for three different use case scenarios, indicating the
effectiveness of the methodology under different conditions, helping design a sample to test
experimentally. The circuitry behind the electronic module is also discussed in addition to
comments behind the underlying microfluidic working mechanism of the platform.
In Chapter 3, the fabrication methods are described along with a detailed discussion on the
design of experiments and test set up arrangement that has been used for characterizing the material
properties of the platform like mechanical strength and wicking as well as validating the
performance of the platform under varied conditions.
Chapter 4 presents physical implementations of the patches designed in Chapter 2 along with
working prototypes of the both the paper platform as well as feedback electronic module. The
results of the experiments on the hygroscopic materials and the device performance with respect
to the flow rate (sweating intensity), thickness of the device and porosity of the material used have
been discussed in detail. Chapter 5 outlines key accomplishments of this work followed by
description of the ongoing and future work in Chapter 6.
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2. CONCEPT, DESIGN AND THEORY

Haptic and
audio feedback
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Electroni cs
module ·-:,_ ...:-- ~
Wireless
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for capacitiv/
sensing
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Figure 2.1: A wearable system consisting of a paper platform and a feedback module.

.........

Ill
,_

Figure 2.2: (a) Top view of the system showing patch, electrodes and arm band, (b) Side view of
the system showing patch arrangement, electrodes, armband and electronic module.
We want to create a platform in a wearable form factor to measure the sweat rate and extract
useful information from the data. To achieve that would require an appropriate form of
arrangement or platform to collect the sweat, measure its quantity while keeping an eye on other
parameters such as time, temperature and then use that information to have post processed results
like sweat rate, dehydration levels, fluid replacement recommendations, etc. Ideally, we would
also want the system to give the user an indication at desired intervals either visually or in other
forms. The growth of consumer electronic devices including ‘smart’ devices such as smartphones,
smartwatches, activity sensors, etc. provides another capability to take use of the already available
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mobile computing power by integrating this kind of sweat rate information with them. The thought
process behind the details of the design and what sort of arrangement and properties can this system
have is discussed in this chapter thoroughly. A brief illustration of such a wearable concept is
shown in figure 2.1.
Efficient and accurate measurement of perspiration should require occlusion of a specific
dermal region and collection of all the sweat secreted from that area for the duration of the
measurement. A hydrophobic arrangement with an adhesive perimeter and embedded hollow
channels or other types of collection areas can provide one such structure for sweat collection;
however, sweat droplets forming at the skin surface may require hours to generate sufficient sweat
for wicking into the channel for reliable read-out. Instead if the channel is filled with a hygroscopic
material, any sweat secreted onto the skin can be immediately wicked and collected in the
hygroscopic material for read-out or transport. The hygroscopic substrate used can be paper based,
textile based or may use other materials. Rather than using a single channel or path or even multiple
parallel channels, a design that features a radial array of channels of varying lengths would allow
for quantization of the collected sweat for more controlled, objective and quantitative information.
SKIN
~ - - - -- - - - - - Untriggered

~ - - - - - - -•-

Transparent wound dressing bilayer
Triggered spo t

/

Spot

•
Triggered

Port -

Spot

·······

•

•

Figure 2.3: (a) Patch design with rectilinear strips, (b) Patch design with radial strips.
The radial design of such an arrangement that can be used in a patch form factor is
illustrated in Figure 2. Such a design having discretized “fingers” in increasing order of length can
allow easy chronological tracking of fluid because of a nearly uniform flow rate in each finger
achieved by the circular pattern as wicking in paper is isotropic in nature due to random
arrangement of fibers. This design can also present easy loading and retention of dyes at the tip of
the fingers to provide reliable visual cues to the user (E.g. 𝐾𝑀𝑛𝑂4 or 𝐶𝑜𝐶𝑙2 . 6𝐻2 0, etc.) and/or
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detect specific analytes in sweat. The substrate can be sandwiched between two films of a
waterproof material having a port on one side from which the fluid can enter the substrate.
However, to maintain the uniformity of flow in the fingers, the port should be concentric, and its
diameter should be less than or equal to the central circular portion of the substrate.
The number of fingers and spacing between them would depend on the resolution of
feedback desired which in turn will depend on the total desired time of application and user
preferences, and that will give the total number of fingers in the patch. The methodology for
computing the parameter values of such a design according to the usage conditions is defined in
the next section on patch design algorithm. The resulting patches should have dimensions which
are reasonable for being worn unobtrusively.
Numerous hygroscopic materials and hydrophobic films can be used as the active layer and
encapsulating layers, respectively, of the patch. In this proof-of-concept demonstration, we select
a medical polymeric wound dressing, Opsite transparent film, as the encapsulating layer due to its
commercial availability and established use in clinics. For the channel material, we investigated
the hygroscopic, mechanical, and economical properties of three cellulosic films commonly used
for filtration and wicking-based transport of liquids in laboratory and industrial applications:
cellulose acetate, glass fiber, and nitrocellulose.

2.1

Patch Design Algorithm

Figure 2.4: Parameters for design.

10
Table 2.1: Table for definition of parameters.
Design

Definition

Parameter
𝒕
𝒓, 𝑨

Substrate thickness
Radius, Area of the hypothetical fully circular patch

𝒓𝟏 , 𝑨𝟏

Radius, Area of port in membrane

𝒓𝟐 , 𝑨𝟐

𝒓𝟏 , 𝑨𝟏 + tolerance

𝒏

Number of fingers

𝒎𝒊 (𝒍𝒊+𝟏 − 𝒍𝒊 )

Difference b/w length of 𝒊𝒕𝒉 & (𝒊 + 𝟏)𝒕𝒉 finger

𝒘𝒊

Width of the 𝒊𝒕𝒉 finger

𝒍𝒊

Length of the 𝒊𝒕𝒉 finger

𝒈𝒊

Gap between the 𝒊𝒕𝒉 & (𝒊 + 𝟏)𝒕𝒉 finger

𝑺𝑹

Sweating rate (biometrics)

𝑹

Desired readout resolution

𝑻

Time of application

𝑺

Desired size of the patch

The methodology for finding out the parameter values of the patch according to the
application and the person using the patch depends on various parameters which are defined in
Table 2.1. All the geometric parameters of the patch must be decided based on the sweating rate
SR of the person (which is based on sweat gland density in the region of application), desired
readout resolution R, time of application T and the desired size of the patch S. However, these
parameters are not all independent and have to follow geometrical constraints described by the
equations prescribed below:
𝑉𝑠 = 𝐴1 . 𝑆𝑅. 𝑇 = 𝑡. 𝐴 = 𝑉𝑎
Where,
𝑉𝑠 is the volume of sweat excreted by skin,
𝐴1 is the area of the port in the membrane,
𝑉𝑎 is the volume of sweat that can be absorbed by a paper having area A and thickness t.

(1)
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To keep the size of the entire patch to a reasonable size, S (Easy to handle and be applied
in the desired area), a circular patch A with radius r that can absorb the entire amount of sweat is
assumed for an individual using the patch for time T. The thickness is assumed as t (the value
should be a commercially cost viable number). A thicker substrate estimate will be required for
higher exercise rate to absorb a higher amount of sweat produced. Using Equation (1), the assumed
r and the assumed t, we can find a value for 𝐴1 . For the sheet of paper to cover the whole port
(sweat collection area),
𝐴 ≥ 𝐴1 > 1𝑚𝑚2

(2)

1 𝑚𝑚2 is the size of an area of a skin having at least one sweat pore on the arm, typically
sweat pore size/spacing averages 60-80 µm and the density on the upper arm is around 100 glands
per 𝑐𝑚2 ). So, if 𝐴1 found from Equation (1) and assumed values of A or r and t satisfies the above
conditions then the assumptions can be used for the device else the process has to be reiterated
with new values of t and A or r.
The number of fingers and spacing between them depend on the resolution of feedback, R
desired which in turn depends on the total time of application, T and user preferences which in
turn will give the total number of fingers, n in the patch. 𝑚𝑖 , the minimum amount of spacing
required between the fingers depend on the dye spot size according to visibility. The circular strip
of area A is to be converted into the final desired shape with port area, 𝐴1 , central circular region
of the paper equal to port area, 𝐴1 or practically 𝐴2 , port area plus a tolerance value to ensure that
the sweat doesn’t go into the channels directly and rest of the area, 𝐴 − 𝐴2 distributed among the
fingers.
𝐴 − 𝐴2 = ∑ 𝑤𝑖 ∗ 𝑙𝑖

(3)

where i represents the 𝑖 𝑡ℎ finger. Taking all 𝑤𝑖 ’s to be same and equal to w for maintaining uniform
flow speed in the fingers as well as 𝑚𝑖 = 𝑙𝑖+1 − 𝑙𝑖 = 𝑚 (for giving feedback to user at equal
intervals of time when the width w of all fingers is assumed to be same), the above equation
simplifies to,
𝐴 − 𝐴2 = 𝑤. [𝑙1 + 𝑙2 + ⋯ + 𝑙𝑛 ] = 𝑤. [𝑙1 + (𝑙1 + 𝑚) + (𝑙1 + 2. 𝑚) + ⋯ + (𝑙1 + (𝑛 − 1). 𝑚] (4)
The only unknown in this equation is w. This obtained value of w is acceptable only if the
constraint of the perimeter of respective port being greater than ∑𝑤𝑖 across all fingers is satisfied,
as in the Equation (5), else reiterate from the beginning (Take some other values of r, t).
𝑛 ∗ 𝑤 < 2 ∗ 𝜋 ∗ 𝑟1

(5)
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Since this algorithm is iteration based and may have multiple solutions, its best to convert it
to a software application that can take input from users and give unique solutions based on different
additional parameters such as cost of manufacturing, sourcing of materials, etc. Next section will
illustrate the methodology that has been developed using example calculations.

2.2

Use Case Calculation and Implementation
To illustrate the algorithm and determine the practicality of this design, the patch parameters

required for measuring sweat rate will be computed assuming three cases: an office person at rest
using the patch for 30 minutes, a person exercising for 8 hours (such as in an ultramarathon) and
a person participating in a half marathon using the patch for 90 minutes. The sweat rate values for
the three cases will been taken from literature (conditions defined by Taylor et. al.[45] for skin
area on different parts of body).
2.2.1 Office (Resting) case
To show one extreme case where there might be very less quantity of sweat generated and
the time of application may also be low we consider an office person in a resting state sweating at
𝑚𝑔

the rate of 0.25 𝑐𝑚2 .𝑚𝑖𝑛 from the forearm[45] wanting to monitor his sweat output for 30 min, if
we follow the same algorithm defined in section 2.1, Equation (1) yields us the following:
𝑚𝑔
𝑉 = 𝐴1 ∗ 0.25
∗ 30 𝑚𝑖𝑛 = 𝑡 ∗ 𝐴
𝑐𝑚2 . 𝑚𝑖𝑛
As a first guess, let t = 100 µm and if we assume a hypothetical circular patch having radius r of
5 mm, we get from the above equation,
𝑟1 = 5.78 𝑚𝑚 > 𝑟 => 𝐴1 < 𝐴, i.e. condition is not satisfied. So, we can’t use the above or a
greater than above value of t. One can further check that with this value of t, no matter what
value of r we assume, 𝑟1 will always come out to be greater than r which is not a possibility. So,
let’s iterate and use t = 50 µm and r = 5 mm again, the same analysis as described above will
give us,
𝐴1 =

50 𝜋 2
𝑚
3

𝑟1 = 4.08 𝑚𝑚
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𝑟1 < 𝑟, 1𝑚𝑚2 < 𝐴1 < 𝐴, i.e. condition is satisfied. We can go ahead in the process further and
look at a possible value of resolution desired. Since the time of application is 30 mins, let’s say
that the user desires to get the information every 10 min, this implies that the resolution, R is 10
30𝑚𝑖𝑛

min which further implies that the number of fingers, n is 10𝑚𝑖𝑛 = 3. Assuming the dye spot size
achieved manually to be m = 2 mm, we can start with the first finger length of 2 mm. That means
the length of the fingers are going to be 2mm, 4mm and 6mm. For getting the final shape, we need
w, so we use the Equation (3) from section 2.1 to get,
𝜋((5 ∗ (10)−3 )2 − (4.18 ∗ (10)−3 )2 ) = 𝑤 ∗ (2 ∗ (10)−3 + 4 ∗ (10)−3 + 6 ∗ (10)−3 )
or 𝑤 = 1.97 𝑚𝑚
Using the check condition of Equation (4), we see,
2𝜋𝑟1 > (∑𝑤𝑖 ) 𝑜𝑟 2𝜋(4.18) > 6.3!, implying that the condition is satisfied. For ensuring proper
sealing of the device to make sure that the sweat from the exposed area of the skin does not leak
directly into the fingers, without passing through the central port region, we have added a tolerance
value as small as possible (limited by the fabrication method) to the port hole (say, 0.1 mm) to get
the central region of the patch giving it the dimension 𝑟2 = 𝑟1+tolerance = 4.18 mm.

Figure 2.5: Geometric design for the Office (resting) case.
Figure 2.5, which illustrates the design and the patch that we obtain for time of application
𝑚𝑔

of 30 mins with desired resolution of 10 mins and user sweat rate of 0.25 𝑐𝑚2 ∗𝑚𝑖𝑛 has,
Thickness t, 100um,
Port radius 𝑟1, 4.08 mm,
Central zone radius of the patch, 𝑟2 , 4.18 mm,
Width of the fingers w, 1.97 mm,
Number of fingers, n =3,
Difference between length of fingers m, 2mm
Circumferential gap between fingers g, 6.8 mm
And the length of fingers, 2mm, 4mm and 6 mm respectively.
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2.2.2 Ultramarathon (exercise) case
Another case might be where there is high of amount of sweating rate and the time of
application may also be very high, such as in a triathlon or an ultramarathon. We consider a person
in a heavy exercising state sweating at the rate of 0.9

mg
𝑐𝑚2 ∗min

from the chest[45]wanting to

monitor his sweat output for 8 hrs. or 480 min, if we follow the same algorithm defined in section
2.1, Equation (1) yields us the following:
mg

V=𝐴1 *0.9 𝑐𝑚2 ∗min *480 min = t*A
As a first guess, let t = 200 um and if we assume a hypothetical circular patch having radius 𝑟 of
10 mm, we get from the above equation,
𝑟1 = 1.86 mm < 𝑟, 1 𝑚𝑚2 < 𝐴1 < 𝐴, i.e. condition is satisfied. We can go ahead in the process
further and look at a possible value of resolution desired. Since the time of application is 480 mins,
and let’s say that the user desires to get the information every 30 min, this implies that the
resolution, R is 30 min which further implies that the number of fingers required, n is

480𝑚𝑖𝑛
30𝑚𝑖𝑛

= 16.

Assuming the dye spot size achieved manually to be m = 2 mm, we can start with the first finger
length of 2 mm. That means the length of the fingers are going to be 2 mm, 4 mm, 6 mm, …, 32
mm. For getting the final shape, we need w, so we use the Equation (3) to get
𝜋*((10 ∗ 10−3 )2 − (1.96 ∗ 10−3 )2 ) = 𝑤 ∗ (2 ∗ 10−3 + ⋯ + 32 ∗ 10−3 )
or 𝑤 = 1.11 𝑚𝑚
Using the check condition of eqn. 4, we see,
2 𝜋 𝑟1 > (∑𝑤𝑖 ) 𝑜𝑟 2 𝜋 (1.86) > 16 ∗ 1.11 𝑜𝑟 11.6 > 17.7!, implying that the condition is not
satisfied. Here we have added fabrication method limiting feature size (say, 0.1 mm) to the port
radius to get the radius of the central zone of the patch. Hence, we cannot use the parameters (t, r)
as (200 µm, 10mm) and we must reiterate from the beginning.
Let (t, r) be (500 µm,10mm) instead and proceeding through the same steps one can see
that with these values, 𝑟1 = 3.4 mm and w = 1.0135 mm. In this case if we check the
condition 2πr1 > (∑wi ) or 2π(3.4) > 16 ∗ (1.01) or 21.6 > 16.16!, the condition is satisfied,
and we got a solution. For ensuring proper sealing of the device to make sure that the sweat from
the exposed area of the skin does not leak directly into the fingers, without passing through the
central port region, we have added a tolerance as small as possible defined by the limits of the
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manufacturing method used (say 0.1 mm) to the port hole dimension to get radius of the central
region of the patch giving it the dimension 𝑟2 = 𝑟1+ tolerance = 3.5 mm.

Figure 2.6: Geometric design for the ultramarathon case.
Figure 2.6, which illustrates the design and the patch that we obtain for time of application
mg

of 480 mins with desired resolution of 30 mins and user sweat rate of 0.9 𝑐𝑚2 ∗min has,
Thickness t, 500um,
Port radius 𝑟1, 3.4 mm,
Central zone radius of the patch, 𝑟2 , 3.5 mm,
Width of the fingers w, 1.01 mm,
Number of fingers, n =16,
Difference between length of fingers, 2 mm,
Circumferential gap between fingers g, 0.33 mm,
And the length of fingers, 2 mm, 4 mm, 6 mm, …, 30 mm, 32 mm respectively.
2.2.3 Half marathon case
Let us try to design a patch using this algorithm for usage by an amateur athlete on the
dorsal region of hand (back of the hand) who is targeting to finish a half marathon in 75 minutes
but is usually taking about 90 minutes to finish the race while practicing. For a person in a half
marathon, the level of aerobic activity is high and can be considered in an exercise state. From
mg

[45], the sweat rate of the athlete in the dorsal hand region would be about 1.526 𝑐𝑚2 ∗min . Let’s
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design a patch which gives information to the athlete about his or her sweat loss after every 7.5
minutes (After about every mile, where the hydration stations might be located).
mg

V=𝐴1 *1.526 𝑐𝑚2 ∗min *90 min = t*A
As a first guess, let t = 180 µm (Paper thickness commonly available in labs) and after some trial
and error if we choose a hypothetical circular patch having radius 𝑟 of 11 mm, we get,
𝑟1 = 4 mm > 𝑟 𝑜𝑟 1𝑚𝑚2 < 𝐴1 < 𝐴, i.e. the condition is satisfied. We can go ahead in the process
further and look at a possible value of resolution desired. Since the time of application is 90 mins
and the user desires to get the information every mile or every 7.5 min, this implies that the
resolution, R is 7.5 min which further implies that the number of fingers, n is

90𝑚𝑖𝑛
7.5 𝑚𝑖𝑛

= 12. The dye

spot size that can be achieved comfortably by manual methods in lab is about m = 2 mm, we can
start with the first finger length of 2 mm. That means the length if the fingers are going to be 2
mm, 4 mm, …., 24 mm. For getting the final shape, we need w, so we use the Equation (3) to get
𝜋 ((11 ∗ 10−3 )2 − (4.5 ∗ 10−3 )2 ) = 𝑤 ∗ (2 ∗ 10−3 + ⋯ + 24 ∗ 10−3 )
𝑜𝑟 𝑤 = 2.03 𝑚𝑚
Using the check condition of eqn. 4, we see,
2 𝜋 𝑟1 > (∑𝑤𝑖 ) 𝑜𝑟 2𝜋(4.5) > 12 ∗ (2.03) 𝑜𝑟 28.25 > 24.6! which implies that the condition is
satisfied. For ensuring proper sealing of the device to make sure that the sweat from the exposed
area of the skin does not leak directly into the fingers, without passing through the central port
region, a tolerance value of 0.5 mm (limited by laser manufacturing method available in the lab)
is added to the port hole to get the central region radius of the patch giving it the dimension 𝑟2 =
𝑟1+ tolerance = 4.5 mm.

Figure 2.7: Geometric design for half marathon case.
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Figure 2.7, which illustrates the design and the patch that we obtain for time of application
of 90 mins with desired resolution of 7.5 mins and user sweat rate of 1.526

mg
𝑐𝑚2 ∗min

has,

Thickness t, 180um,
Port radius 𝑟1, 4 mm,
Central zone radius of the patch, 𝑟2 , 4.5 mm,
Width of the fingers w, 2.03 mm,
Number of fingers, n =12,
Difference between length of fingers, 2mm
Circumferential gap between fingers g, 3.2 mm
And the length of fingers, 2mm, 4mm, …., 22 mm and 24mm respectively.
This design would be experimentally tested with a small modification of width taken to be
2 mm instead of 2.03 as that accuracy is not possible with the paper cutting method in lab. Similar
approximations would be made to the sweating rate to the order which experimental equipment
allows.
2.2.4 Summary
The parameters obtained following the above iterative process for the three cases of a
resting person monitoring sweat using this patch on his forearm for 30 minutes, a half marathon
runner targeting 90 minutes for his or her run again using the patch on the back of the hand (dorsal
hand) and an ultramarathon exercising person monitoring sweat for 8 hours by using the patch on
his chest have been summarized in the table below.
Table 2.2: Table for geometric parameter values for three use cases.
Design Parameter
Time of application, 𝑻 (min)
𝐦𝐠
Sweating Rate, 𝑺𝑹 (𝐜𝐦𝟐 ∗𝐦𝐢𝐧)
Paper Thickness, t (µm)
𝒓 (mm)
Radius of port, 𝒓𝟏 (mm)
Resolution desired, R(min)
Number of fingers, n
Gap b/w fingers, 𝒎𝒊 (mm)
Width of the fingers, w (mm)

Office guy
(Resting case)
30
0.25

Half-marathon
(Experiment case)
90
1.53

Ultramarathon
individual
480
0.90

50
5
4.08
10
3
2
1.97

180
11
4
7.5
12
2
2.03

500
10
3.4
30
16
2
1.01
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b)

a)

c)

Figure 2.8: Comparative geometric designs for the three use cases, a) office (resting), b) half
marathon case and c) ultramarathon participant.
2.3

Design of Feedback Module
Red light off

Sweat flow into
the paper channel

Patch

\

(a)

Red light on

\

Skin

(b)

Skin

Figure 2.9: (a) Feedback module design illustrating the light being off in case of no sweat in the
hygroscopic material, (b) The red light turns on due sweat flowing into the hygroscopic material.
The working principle of the active module is illustrated in Figure 2.9(a) and 2.9(b). The
electronics module is worn overlapping one finger of the patch. As the finger becomes saturated
with sweat, the circuit senses a change in capacitance providing an electrical feedback (In this case,
an LED, but a haptic or an audio alert may be used instead).
The sensing material consists of two side-by-side, copper electrodes that are placed on
either side of a piece of parchment paper to prevent short circuiting. The electrodes are placed
side-by-side rather than stacked to maximize the capacitor fringe effect, thus increasing the
sensor’s sensitivity to outside disturbance.
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Figure 2.10: Capacitive based circuit design for the feedback module.
At the sensing end, a capacitor is placed in parallel with a resistor, and by measuring the
time to discharge, we quantify the sensor’s capacitance. MSP430G2553 microcontroller is
programmed to charge the RC circuit until it reaches a stable, DC voltage. Then, the output
charging pin changes to an input capturing pin and a stable clock begins to track time. When the
voltage across the undriven, decaying RC circuit crosses the logic level low threshold, the time is
recorded. This time is expected to be higher with increasing capacitance values.
The microcontroller can easily be programmed to respond to the capacitance value. For
example, if it senses a capacitance value above a threshold, it can notify the user by lighting an
LED or through an audio or haptic feedback. The MSP430G2553 microcontroller was chosen due
to its “ultra-low power” consumption as well as the breadth of developer resources available.

2.4

Microfluidics and Porous Flow Theory
In most of the micro scale devices, the liquids operating at the micron length scale can be

treated in the same continuum fashion as the macro scale fluids. This means that the standard
conservation equations: mass, momentum and energy are applicable. However, in small systems,
the effect of gravity is usually negligible due to cube-square scaling[48]. The difference also comes
in the terms of constitutive relations that are required to close the three conservation equations.
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The constitutive equations such as those between stress tensor and velocity field can behave very
differently in different scenarios. As compared to macro scale devices, in microscopic devices,
molecular effects such as wall slip become important and some continuum effects start going
towards extreme levels[49] due to which the constitutive laws used in macroscopic scale start
becoming non applicable.
One dimensional transport of fluid front in a porous media like paper during wet out flow
under spontaneous imbibition (infinite source of fluid) can be modelled by very popular Washburn
eqn. by assuming the porous media as a bundle of capillaries [50]:
𝐿2 = Γ𝐷𝑡/4𝜇
Where:
L is distance moved by the fluid front,
Γ is the effective surface tension (including the contact angle),
D is the average pore diameter,
t is the time,
𝜇 is the viscosity of the fluid
The surface tension, inertial forces and the viscous forces are the three forces that are acting
on the fluid and as the fluid progresses, the viscous force increases leading to a decrease in velocity
w.r.t to the above equation. Even though the wicking rate is directly proportional to effective
capillary radius of the material from this equation, but depending on the property of the fluid, the
reverse scenario has also been observed in practice such as when the fluid is a suspension[51]. It
has been found to depend on many things such as substrate characteristics, fluid properties, as well
as interaction between fluid and substrate. Attempts have been made to improve upon the LucasWashburn equation to predict the fluid permeation into porous media such as addition of factors
such as tortuosity, pore distribution and media swelling. People have also used computational
modelling to explain the phenomena better[52].
In case of fully wetted flow in a porous media, Darcy’s law which although was
independently empirically derived but follows from Navier stokes equation[53], can accurately
describe the flow as
𝑄 = −(𝜅𝐴/𝜇𝐿) Δ𝑃
Where:
Q is the volumetric flow rate,
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𝜅 is the permeability of the paper,
𝜇 is the fluid viscosity,
A is the area perpendicular to the flow,
ΔP is the pressure difference across the flow,
And L is the length over which this pressure drop happens.
In dry porous media such as paper, the ΔP is the suction pressure which can be found from
the young’s equation in the most basic case when porous material is treated as a bunch of linear
capillaries, and on substituting it in the equation above gives the same 𝑡 0.5 scaling as in Washburn
equation[54]. However, in reality, in most scenarios, it is more complicated than that and can have
different forms[55] which explains the deviations from the Washburn law that is commonly
seen[56][57]. It also depends on the water saturation as well as porosity which in turn can be a
function of pore size distribution, shape of the particles, nature of connection between the pores,
tortuosity as well as fiber diameter (in case of fibrous materials) [58]. Also, Darcy’s law in this
form can only be used when the wicking font is clearly defined and has to be modified when it is
not, such as in the case of multi-phase flow[59]. Masoodi and Pillai have developed models
through both Lucas Washburn and Darcy approaches to include the swelling effect of paper[60].
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3. EXPERIMENTAL METHODS FOR DESIGN, MATERIAL AND
PERFORMANCE VALIDATION

In this section the we describe the fabrication process of the both the patch and the feedback
device, methods for characterizing hygroscopic materials to be used in the device and experimental
setup for characterizing the sweat sensing patch.

3.1

Fabrication Process of the Patch

(a) - - - - - (c) =

Laser
(b) -

L

--- •

(d)

______
----- ..

(g)
■ Opsite

~ ~--"""'l (e)

\
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Opsite adhesive
Opsite t ranspare nt film
(i)■

(fl ..,__ _ _ ___

Filte r paper

(hl

----

Figure 3.1: (i) Fabrication Process (a-b) Laser machine filer paper, (c-d) Expose adhesive of one
Opsite film and attach the paper, (e-f) Laser machine wicking port on another piece of Opsite
film and remove the top backing, (g-h) Stack together Opsite films for assembly. Remove
backings before use, (ii) Commercial laser engraver system used for machining.
The fabrication process of the patch is shown in Figure 3.1 (i) and is scalable to large
volume manufacturing. First, the paper is laser-machined into the multi-channel pattern. Next, a
dye (e.g., 𝐶𝑢𝐶𝑙2 . 6𝐻2 𝑂/𝐾𝑀𝑛𝑂4) is deposited on the paper strip tips via a stamping technique. One
piece of Opsite flexifix film (Smith and Nephew, 4” X 11 yard) is then laser-machined using
commercial YAG laser engraver system (PLS6MW, ULS Inc.) to create a port. The three layers
are then stacked such that the hole in the bottom layer film is concentric with the circle in the paper
pattern. During use, the backings are removed, and the paper is exposed to the skin via the hole as
indicated in Figure 3.1(i)h. This process can be adopted to large-scale-sheet-to-sheet or roll-to-roll
production.
The feedback module is designed to be an add-on unit for increased functionality that can
be reused again and again. Two iterations of prototype were made. First prototype was a simpler
one which was manufactured through a commercial PCB manufacturing service by supplying the

23
design having electrodes and the connections on the board. A LED and a microcontroller were
used to build the capacitive circuit to detect the change in the fringe electric field between the two
electrodes when the dielectric between them (paper with air in comparison to paper with water)
changes on sweat filling up the finger.
The second prototype of the electronics module was fabricated in-house on a custom circuit
board. The system design consists of a capacitive sensor circuit on a custom glass PCB as discussed
in last chapter, designed to detect change in the material properties of the patch at the end of the
tip when water comes to the finger end. A single-sided PCB was laser-machined from adhesive
copper tape laminated onto a glass slide. The PCB traces were defined on the copper using a
commercial YAG laser engraver system (PLS6MW, ULS Inc.), with parameters of a 40 W 1.06
µm fiber laser set to 20% speed and 80% power at 30kHz frequency, as previously determined in
our group ZBML at Birck Nanotechnology Center. Using this method, the circuit can also be
fabricated on a standard flexible printed circuit board with PET as the substrate instead of glass.
The negative areas were peeled away and then the components were soldered together. This
process can be adapted to large-scale sheet-to-sheet or roll-to-roll production.
Since the fabrication process comprises only 3 major steps and relies on paper as the
substrate; these features enable a variety of low-cost and scalable manufacturing options. For
example, this device can also be made through inkjet printing/screen printing the dye on a die/laser
cut paper or wax printed design on paper followed by packing of the Opsite film through
lamination in a roll-to-roll manner to increase the throughput for mass production. Several
hundreds of patches were fabricated in the lab for testing, marketing purposes and sending samples
to interested parties for partnership and licensing. A protocol describing step by step methodology
was also written which anyone can follow to meet the demand for fabrication.
The Opsite film can be substituted with Polyurethane film with a layer of methyl acrylate
based adhesive on it or any other semi permeable film and adhesive combination that is
impermeable to liquid water and permeable to water vapor.
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3.2

Characterization of Hygroscopic Materials
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Figure 3.2: Test setup for material wicking speed characterization (a) Under unlimited reservoir
wicking (b) Under flow limited imbibition or wicking
To characterize the wicking of the materials, samples of each substrate, cellulose paper, glass
fiber paper and nitrocellulose paper were obtained and cut to 4 cm X 2 mm strips. A plastic test
tube cap with a hole cut on top was used as the reservoir for containing the test (1 ml for cellulose
and nitrocellulose, 0.5 ml for glass fiber, as the wicking in glass fiber was too fast) amount of the
dyed fluid. The dye is put in the reservoir in the desired quantity and is allowed to wick in the
paper strips as in Figure 3.2 (a) or dyed water is pumped in the desired rate as in Figure 3.2 (b). A
ruler along with a stop watch in mobile phone was used to measure time taken by the dye to reach
different lengths in the paper strip. The schematic of the setup is shown in Figure 3.2 (a) and (b).
Using the same setup and methodology, the variation in wicking rates with respect to the width
were also obtained by testing cellulose paper strips, each of length 3cm and width 2, 3 and 5 mm.

Figure 3.3: (i) ADMET universal testing machine used for strength characterization, (ii) Closeup view of tensile testing of the sample.
The mechanical integrity of the materials was evaluated in terms of their ultimate strength
and elastic modulus using tensile testing through universal testing machine as well as failure modes
of the patch were inspected by stretching the patches (of size 𝑙1= 2mm, n= 12, t= 180 µm, 𝑟1=8
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mm, 𝑟2 =1 cm, w = 2 mm and m = 2 mm) of the three materials. Samples of 2 cm axial length and
2mm width were tested under different strain rates. Initial experiments on the strength of papers
as a response to various strain rates of 10 mm/min, 0.2 and 1 mm/min revealed negligible variation.
Subsequent studies focused on evaluating the paper at a single strain rate, namely 10 mm/min.

Figure 3.4: Bausch and Lomb Micro Zoom 2 high performance microscope.
All substrate samples as well as the fabricated patches were inspected visually and
characterized in terms of their structure and pore size using Bausch & Lomb Micro Zoom 2 high
performance microscope. At the device scale, the wicking speed of a material will also depend
upon the geometry of the patch, so as a design of experiment strategy, to take that into account,
without having to perform experiments for each design, we have come up with a methodology to
estimate the time that would be taken by the patches of these three varied materials if they were
experimentally tested in the form of geometries designed in Chapter 2 using their primary wicking
characteristics as tested by the experimental setup described in Figure 3.2.

Figure 3.5: Device as a collection of linear channels for experimental wicking time calculation.
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The central circular portion of the design is approximated as a series of straight channels
kept in a circular fashion with one end overlapping as shown in the Figure 3.5. The number of
channels have been estimated as n=(2*π*r/w) and the channels corresponding to the fingers extend
out from the circular region simulating the patch fingers. Using this analysis, for the two extreme
cases that were designed in the theory section (Office person and ultramarathon person) as well as
case which will be experimentally tested (Half marathon person), we can find out the time range
in which the designs would fill using the experimentally determined average wicking speed of the
hygroscopic material used in the patch from experiment described in Figure 3.2.
Since we are using data from the wicking tests that have been done on linear channels only
whereas in the device we have both linear fingers and a circular central channel, there might be
variations in the numbers we get from this method as compared to actual metrics. But it can give
us an approximation for order of magnitude analysis.

3.3

Characterization of Patch
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Figure 3.6: (a-b) Schematic and picture of the patch characterization setup illustrating the syringe
pump used for simulating sweating, (c) Close-up view of the patch being tested, (d) Snapshots of
a patch as water wicks through the device.
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For characterization of the patch, sweat secretion from the skin into the patch was simulated
by using syringe pump having a 3 mL BD syringe with needle of size 18G1½ attached to a tube
of inner diameter 800 µm. This was further attached to a BD 27G½ needle (Diameter: 0.4 mm) on
the opposite end, supported by a clamp stand as shown in Figure 3.6 (a), (b) and (c). The flow was
delivered perpendicular to the patch, on the center of the port of the patch. The patch of size (𝑙1=
2mm, n= 12, t= 180 µm, 𝑟1 =8 mm, 𝑟2 =1 cm, w = 2 mm and m = 2 mm) as obtained from the design
section was attached to the test platform using tape on four sides, and the centering was done using
a ruler. Various flow rates simulating different sweating intensities (1.526 − 15.26)

𝑚𝑔
𝑐𝑚2 .𝑚𝑖𝑛

in

the physiological range[45] (0.05 ml/hr., 0.15 ml/hr., 0.25 ml/hr. and 0.5 ml/hr.), patches with
different thicknesses (180 µm, 360 µm, 540 µm) and with cellulose papers of different porosities
(3 µm, 4-7 µm, 11 µm) were characterized. The time at which the water reaches the tip of the
fingers was recorded using an automated camera setup. Schematic and pictures of the setup are
shown in Figure 3.6.
This setup had to be fine-tuned multiple times to reduce variability in the data. Several
issues such as location of the needle on the patch as well as the gap between them had to be
optimized. It was observed that the control could be improved by using thin tubing over thicker
varieties and continuous flow could be maintained by considering the swelling of paper and size
of the droplet formed to decide the gap between the needle and the paper.
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4. RESULTS AND DISCUSSION

This chapter discusses all the results starting with implementation of the prototypes to
characterization of the hygroscopic materials followed by the characterization of the patch
designed for user wanting to run a half marathon in about 90 minutes. Behavior of one
implementation of the design has been tested with respect to different flow rates or sweating
intensities, hygroscopic material thicknesses as well as its porosities, to make the choice for
material to be used to implement the design.

4.1

Patch Implementations
Prototypes of the three designs formulated using the algorithm in the theory section in

chapter 2 have been fabricated and are illustrated in the figures below.

Figure 4.1: Implementation of Office (resting) use case design (a) Front, (b) Back.
The office (resting) use case patch is of the dimension 1.5 cm X 1.5 cm with a port size of
8 mm diameter, a 9 mm diameter central zone, 2 mm wide fingers of length 2 mm, 4mm and 6
mm respectively, having blue (𝐶𝑜𝐶𝑙2 . 2𝐻2 𝑂 dyed) regions, which will turn to red (𝐶𝑜𝐶𝑙2 . 6𝐻2 𝑂)
after 10 mins, 20 mins and 30 mins respectively, when the sweat wicks through the device to reach
the tips. The backing shown in Figure 4.1 (b) should be peeled of before use exposing the adhesive
layer to the skin for patch to stay in the desired place which is the forearm of the user for this use
case as also mentioned in chapter 2.
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Figure 4.2: Implementation of half marathon use case design (a) Front, (b) Back.
The intermediate half marathon use case patch is of the dimension 4.5 cm X 5.5 cm with a
port size of 8 mm diameter, a 9 mm central zone, 2 mm wide fingers of length 2 mm, 4mm, …,
and 24 mm respectively, having blue ( 𝐶𝑜𝐶𝑙2 . 2𝐻2 𝑂 dyed) regions, which will turn to red
(𝐶𝑜𝐶𝑙2 . 6𝐻2 𝑂) after 7.5 mins, 15 mins, …, and 90 mins respectively, when the sweat wicks
through the device to reach the tips. The backing shown in Figure 4.2 (b) should be peeled of
before use exposing the adhesive layer to the skin for patch to stay in the desired place which is
the dorsal hand of the user for this use case as also mentioned in chapter 2
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Figure 4.3: Implementation of ultramarathon use case design (a) Front, (b) Back.
The ultramarathon use case patch is of the dimension 7 cm X 5 cm with a port size of 7 mm
diameter, an 8 mm central zone, 1 mm wide fingers of length 2 mm, 4mm, …., and 32 mm
respectively having blue (𝐶𝑜𝐶𝑙2 . 2𝐻2 𝑂 dyed) regions, which will turn to red (𝐶𝑜𝐶𝑙2 . 6𝐻2 𝑂) after
30 mins, 60 mins, …, and 480 mins respectively, when the sweat wicks through the device to reach
the tips. The backing shown in Figure 4.3 (b) should be peeled of before use exposing the adhesive

30
layer to the skin for patch to stay in the desired place which is the chest of the user for this use case
as also mentioned in chapter 2.

4.2

Feedback Device Implementation
(a)

(bl

'
Figure 4.4: Feedbak device prototype 1 (a) Working device, (b) LED off when the paper placed
on the sensor is dry, (c) Blue dyed water starts to wick in, LED still remains off, (d) When the
strip of paper gets completely filled, red LED turns on as an indicator.

Figure 4.5: Feedback device prototype 2 (a) Front side showing the battery, switch and the
sensing electrodes, (b) Back side showing the microcontroller, LED, soldered connections and
the sensing electrodes.
Two prototypes of the feedback device were fabricated as shown in Figures 4.4 and 4.5.
The final prototype consists of a sensing electrode setup that comes out of the module and goes
over the desired finger on the patch described in 4.1 to detect the filling up of that particular finger
and convey the information to the user unobtrusively through an actuator such as a red LED shown
in here. The microcontroller does the processing of the signals at both the sensing and the actuating
ends.
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4.3

Comparison of Hygroscopic Materials
A suitable material for use as a wicking material in a sweat collection platform must be

economical, flexible, strong, elastic and hygroscopic. Three hygroscopic materials commonly
available in research laboratories: Cellulose filter paper, Nitro Cellulose filter and Glass fiber filter
paper were investigated for advantages and disadvantages.
4.3.1 Cellulose

soogm
Figure 4.6: (a) Micrograph of cellulose paper showing the random arrangement of wood fibers,
(b) Expected mechanical failure of the cellulose patch on bidirectional stretching.
7000

350
300
'.§:250

6000

QI

.§ 200
ll0

~ 150

u

3

-;;;- 5000
<>.

=-"'"'

100
50

QI

~ 4000

0
0

(a)

5

10

15

Distance (cm)

35

3000

30
E25

2000

_§_ 20
QI

u

C

~

15
1000

"' 10
ci
5

-+- 5mm

0

0

(b)

0

100

Time (s)

200

0

(c)

0.005

O.Ql

0.015

Strain

Figure 4.7: (a)Wicking speed of 2 mm width cellulose strip, (b) Comparative wicking speed
curve for different cellulose strip widths, (c) Strength characterization of 2 mm cellulose paper
strip through tensile testing (n=3).
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Paper is inexpensive ($0.05 per patch) and is the strongest among the three tested materials,
having an average Young’s modulus of 472 MPa and yield strength of 7.2 MPa. However, it is
difficult to hold dyes on paper substrate due to its loose fibrous nature. The pore locations and
sizes are not strictly controlled, and the material has average absorption (characterized by wicking
speed) rate as compared to other two materials, which gives design flexibility.
4.3.2 Nitro cellulose

Figure 4.8: (a) Micrograph of nitrocellulose paper showing artificially engineered holes, (b)
Unexpected uniform mechanical failure of the nitrocellulose patch on bidirectional stretching.
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Figure 4.9: (a) Strength characterization of 2 mm nitrocellulose paper strip through tensile testing
(n=3), (b) Wicking speed of 2 mm width nitrocellulose strip.
Nitrocellulose is an artificial membrane with precisely etched holes which provide it with
a uniform morphology and higher dye holding capabilities. However, it is expensive ($1.5 per
patch), weak and brittle (Young’s modulus of 25.4 MPa and yield strength of 760 kPa) and is
difficult to handle. It has the lowest absorption rate (wicking speed) among the three materials.
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4.3.3 Glass Fiber

Figure 4.10: (a) Micrograph of glass fiber paper showing random arrangement of glass fibers, (b)
Expected mechanical failure of the glass fiber patch on bidirectional stretching.
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Figure 4.11: (a) Strength characterization of 2 mm glass fiber paper strip through tensile testing
(n=3), (b) Wicking speed of 2 mm width glass fiber strip.
Glass fiber filter paper is expensive (3$ per patch), has low tensile strength (Young’s
modulus of 5MPa and Yield strength of 96 kPa) and turns out to be difficult to hold dyes since it’s
a collection of loosely assembled glass fibers. The pore size is not very strictly controlled (better
than cellulose fibers) and the material has high absorption capacity (wicking speed) than other two
materials.
4.3.4 Material summary
We select cellulose filter paper as the material of choice because of its high strength, low
cost, and intermediate wicking speed as compared to other two papers. Even though it has poor
dye retention capabilities, the radial discrete fingered design of the patch mitigates the drawback.
In the design of the device, due to the placement of the dyes at the tips of the fingers (discrete
boundaries), the dye is limited to its bound area for the functional time of the device. Also, the
mass diffusion rate of the dye is many orders of magnitude less than the flow convection. There
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will be some negligible backflow, but that doesn’t affect the user ability to have visual feedback
as majority of the dye will remains at the tip due to greater number of boundaries resulting in lower
surface energy and a stable state.
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Figure 4.12: (a) Elasticity comparison of the three materials, (b) Yield strength comparison of the
three materials, (c) Wicking characterization of the three materials (Inset: Microstructure of the
three materials).
As mentioned in Chapter 3, the experiments for wicking were conducted under infinite
reservoir conditions (pure wicking) whereas in the device the phenomenon that occurs is flow
limited imbibition (i.e., wicking along with a restricting flow rate), Nevertheless, the experiments
provide a first-order approximation of time ranges for a comparative analysis of material
performance. Moreover, the wicking tests were conducted on linear channels only, whereas in the
device we have both linear fingers and a circular central channel, which might cause wicking speed
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variations. Table 2 illustrates first order approximation of the time range in which the designs
would saturate as a comparison. The average wicking speed of each of the three materials cellulose,
nitrocellulose and glass fiber was found to be 3 x 10−4 m/s, 8 x 10−5 m/s and 9 x 10−4 m/s
respectively.
Table 4.1: Experimental time taken by the device if it was made of each of the three materials for
two extreme cases described in theory.
Material
Glass Fibre
Cellulose
Nitrocellulose
4.4

Resting Individual
1 min 30 sec
4 min
20 min

Exercising individual
19.5 min
11.04 hrs
50 hrs

Device Performance
The device performance can vary with respect to several input parameters from the design

such as the sweating rate, SR of the person, thickness, t of the device as well as the material
properties of the device. Even cellulose filter paper can have a variety of pore size distribution and
each would affect the performance of the device, differently. The patches characterized here follow
the design parameters as mentioned in Section 3.3 derived from methodology described in Chapter
2 for the case of the half marathon runner using the patch at the back of the hand (dorsal region).
One of the key features of this radial platform is that it divides the flow rate equally among
the channels (Figure 4.13) and knowing this, by adjusting the length of the strips, any desired time
vs strip profile can be achieved which can be used to give feedback of information to the user in
whatever resolution required.
Another way of getting the desired performance with respect to strips is to have compound
strips having sections of different thicknesses as has been shown by Fu et. al[61]. In this subsection
we discuss about the how the devices perform experimentally under flow limited wicking, which
is what will be the case in real use of the patch, where the performance of the patch will be limited
by availability of sweat (i.e. sweating rate) under different conditions. Figure 4.14 illustrates the
performance of the device under different conditions and we will be discussing about each of them
further.
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Figure 4.13: Average wicking speed of the fluid in each strip under 0.05 ml/hr. flow limited
wicking of sweat in the patch
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Figure 4.14: a) Time taken by the strips to fill as a function of flow (sweat) rate, b) Normalized
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taken by linear strips of same materials as in (e) to fill as a function of pore size under flow
limited imbibition. All experiments (n=5).
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4.4.1 Behavior with respect to flow rate
Since practical use will expose the patch to many different flow rates (Sweating
intensities), it is important to investigate the effect of flow rate on the performance of the sweat
sensor having parameters describe in Section 3.3 for the use case of a person using the patch at the
back of the hand (dorsal region) in a half marathon designed form the methodology developed in
Chapter 2. It is useful to define a figure of merit for comparing various samples. A convenient
parameter is the time required to fill each finger for sensors for a fixed size. This time can be
further normalized w.r.t the time corresponding to the highest flow rate (shortest time), to allow
standard comparisons and see the trends of the Figure 4.14.a more clearly. Under normalization
T

w.r.t time taken in the case of 0.5 ml/hr. flow rate (T ∗ = T (0.5ml/hr.) for each strip), we see in
Figure 4.14.b that for all the strips it follows a pattern of 𝑇 ∗ 𝑞 = 0.5 with variations from the trend
increasing as the strip size decreases. If we calculate the capillary number which is the ratio of
viscous forces to capillary forces, we find that at these flow rates, for this device, wicking force is
6 orders of magnitude higher than the viscous force. We are not considering inertial forces here as
the flow rate is too slow to consider that.
The experiments also show that faster flow rates follows the analytical model more closely.
In the normalized time chart of figure 4.14.b for instance, we can see that as the flow rate decreases,
the trajectory of normalized time deviates from the ideal situation. This can be due to two reasons:
1) The phenomena occurring in this device has two components: inertial/viscous flow (forced)
(due to flow of sweat from body to device) + wicking (imbibition) due to the capillary forces in
the paper. As the flow rate becomes slower, the wicking forces start becoming stronger.
2) Another reason could be that as the flow rate is slowing down, the time for which the device
remains partially wet is increasing, which is leading to swelling of the paper and an increase in the
total volume of the device. Thus, the average flow rate variation with time is changing, as the
volume no longer remains constant.
4.4.2 Behavior with respect to thickness
It is also important to investigate the effect of substrate thickness on sensor performance,
since extreme situations (i.e., very high or very low sweat rates) would require tuning of the
thickness for optimal performance. Figure 4.14.c and the subsequently normalized version of the
figure 4.14.d is the result of the investigation for device performance upon scaling of device
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𝑇

thickness (𝑇 ∗ = -- for each strip) at a fixed flow rate of 0.05 ml/hr. where t = 180 μm here other
𝑇(𝑡)

parameters, the same as mentioned in Section 3.3. We see that with the increase in thickness of the
device, keeping all other parameters the same, on an average the time taken to fill an average strip
is showing a linear change, but increasing variations are observed as we go up the thickness (3t vs
2t). This can be due to presence of 3D flow characteristics instead of 1D flow as the thickness of
the paper increases. However, for few initial paper layers (till 3t) the data says that we can stack
multiple layers to increase the volume of the device and hence the time of usage without major
variations in device performance.
There are variations in the initial 2-3 strips, that may be due to initial non-steady nature of
the flow (flow forces dominating wicking forces) which then settles to wicking forces becoming
predominant as distance from the center (i.e. Strip number) increases. This also provides design
insight that as the thickness of the device is increased the collection area must be increased (For
e.g., from r= 8 mm to r=12 mm in the case of 2t, and to r=14 mm in the case of 3t) to let the flow
become steady before it enters the measurement regions.
4.4.3 Behavior with respect to porosity
Figure 4.14.e represents the performance of the device when devices defined in section 3.3
made from cellulose filter papers of different pore sizes are used. Although the theory behind
variation of microfluidic flow due to difference in pore sizes is complicated, it can be qualitatively
explained using a parameter called hydraulic conductivity. It describes the ease with which a fluid
flows through pore spaces or fractures, and depends on the intrinsic permeability of the material,
the degree of saturation and the density and viscosity of the fluid along with pore size, their shape,
distribution, how they are connected to each other, type of packing of the material, etc.
Simplest model of assuming the porous material as a collection of capillaries as described
by Washburn[50] leads to the relation that Time is inversely proportional to one by fourth power
of effective capillary radius and according to the same the ratio of wicking speed of 11 μm (Grade
1) paper to the 3 μm (Grade 6) paper should be about 1.38. But this model has many assumptions
not valid in this scenario, so it can’t be used here. Instead what can be done is to characterize the
material for their wicking speed by doing simple linear wicking tests under similar flow limited
imbibition conditions as illustrated in Figure 3.2 (b) i.e. at the flow rates of water simulating those
of sweat from body. Figure 4.14.f reveals the results of this wicking test with respect to the material
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pore sizes, showing the ratio of wicking speed in paper having 11μm pores (Grade 1) and 3 μm
pores (Grade 6) to be

𝑣(11𝜇𝑚)
𝑣(3𝜇𝑚)

= 1.36. If the same ratio is also maintained in the device, it means

that this methodology of doing simpler wicking speed experiment as described in Section 3.2, can
be used to find out the suitable material required for each case. Form Figure 4.14.e we see that it
𝑇(3𝜇𝑚)

5250𝑠

is indeed the case as the time ratio taken to fill the patches is the similar, 𝑇(11𝜇𝑚) = 3750𝑠= 1.39.
We set out to test whether this patch designed for usage by a half marathon runner for 90
minutes will perform as intended or not and we see that for 3 μm pore size paper (Grade 6) the
patch lasts for an average of 88.5 minute with about 1.7% of error among trials. This validates the
design methodology in being effective to be used for designing customized patches according to
the input parameters of person specific sweat rate, required time of usage, size of the patch and
desired resolution with few precautions to be taken in cases of extreme cases/ limits including
delaying the first point of feedback to a suitable value (Not have small length fingers as described
previously in 4.4.1 and 4.4.2).

4.5

Working Devices

Figure 4.15: The final sweat patch being used on the upper arm of a person working in gym
showing the sequentially changing color of tips from blue to red with time.
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Figure 4.16: (a) Feedback device on a dry patch showing light off, (b) Feedback device showing
light on when the fluid reaches the finger it’s placed on.
A prototype of the sweat patch and feedback device prototype has been developed as a result
of this work. Figure 4.14 shows the patch in practical use (i.e., worn by an athlete during an aerobic
workout). The patch can flex sufficiently to conform to the athlete’s skin, and it remains attached
to the skin throughout the workout. Furthermore, the patch readout is visible in standard
gymnasium lighting. These qualitative investigations along with the quantitative results of the
previous section demonstrate that the patch is a practical wearable device with sufficient
robustness for active wear. Figure 4.15.a and 4.15.b show the prototype feedback device working
in conjunction with the patch.
Based on United States Federal and Drug Administration guidelines (released July 2016) we
will not be promoting this device as a substitute for a medical professional’s recommendations.
This strategy will help us avoid FDA regulations, so we can shorten our path to commercialization.
From the FDA standpoint, the platform and the sensing unit would be treated like a consumer
electronics lifestyle wearable device.
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5. CONCLUSION

We have developed a real time in-situ perspiration monitoring and quantification device with
a robust customizable design that can be tuned to any user (based on biometrics) or application. In
cases where the dominant mode of hydration loss is through sweat (such as in a marathon and other
cardio vascular based activities such as sports), it can provide a first measure of dehydration and
can be used to provide optimum fluid replacement strategies. The patch can be mass customized
to handle a broad range of sweat rates and has been validated against flow rates of (0.05 ml/hr.,
mg

0.15 ml/hr., 0.25 ml/hr. and 0.5 ml/hr.) amounting to sweating intensities of (1.526-15.26) cm2 .min ,
material thickness (180 µm, 360 µm, 540 µm) and material porosity (3 µm, 4-7 µm, 11 µm). Owing
to the cost, strength, availability, wicking properties and dye retention capabilities, the substrate to
be used for the case of half marathon, when the desired location of the patch is the back of the
hand, has been chosen to be grade 6 cellulose filter paper.
This device for an example use-case of a half marathon runner targeting 90 minutes of usage
mg

and sweating at a rate of 1.526 cm2.min from the dorsal region of the hand was designed, fabricated
and experimentally tested for performance indicating an accuracy of the design within 1.7% of the
desired parameters. Possible reasons for deviations and methods for improvement of accuracy
were also discussed.
Due to the extremely low cost of components and manufacturing of the device, it can be sold
within $1 to the user as the purchase price and can be especially helpful as an on-demand
disposable sweat rate monitor in high intensity sporting activity scenarios like marathons. There
is a huge billion-dollar market for the same and a business model along with other steps for
commercialization that are also being taken proactively which is out of the scope of this thesis.
Beyond the basic patch having a passive colorimetric feedback, an electronic module that can be
put in band form factor has also been developed to provide active feedback such as visual, tactical
or audio. This module also has the scope to be developed into an IOT device and can provide more
accurate results with the help of additional sensors and data, it would be able to obtain from the
smart devices like mobile phones and smart watches. Detailed experimental design for some future
work has also been discussed.

43

6. FUTURE WORK

This work provides the design methodology and fabrication strategies to produce an ultralow-cost perspiration monitoring sensor for mass consumption which has been validated through
experiments with respect to different parameters such as sweating intensities, thickness of the
device, strength of the device and the porosity of the material used. The next steps in the
development of this work are discussed in this section.

6.1

Computational validation and verification of the patch with respect to porosity

In this work we found out that analytically deciding which pore size paper to use is very difficult
as only constitutive models have been developed and there is no strong theory around this because
of the innumerable number of parameters involved, many of them being hard to control. However,
computational models can be built using software such as COMSOL and ANSYS and can be used
to eliminate the need for experimentation for choosing the porosity during design. Some early
work has been done by the author in this direction which can be extended further.

3.25Se-007

Figure 6.1: ANSYS simulation of a patch with sweating rate 0.05 ml/hr.
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6.2

Characterization the optical/visual patch with human subjects and correlation of the
measurements with dehydration.
Preparation of patches and recruitment of subjects will be the first step. We will fabricate

patches of various dimensions and wicking characteristics for testing on human subjects. Twelve
healthy adults (6 male, 6 female) aged 18-29 y, who regularly perform moderate-intensity aerobic
exercise training (>45 minutes/session ≥3 times/week) will be recruited.
6.2.1 Characterization of the optical/visual feedback of the patches during use
The reliability (feedback consistency, robustness, comfort, practicality) of the patches will
be assessed when worn during exercise. The read-out of the patches worn at the designated body
sites will be photographed and measured at regular intervals to determine consistency among a
group of patches for each body location via statistical analysis (mixed model ANOVA). The
robustness of the patch will be evaluated visually as well as via measurement of its mechanical
rigidity at various stages of exercise. Participants will report on comfort and practicality via a
survey.
6.2.2 Experimental Design
Each subject will complete one 90-minute session of aerobic exercise at 80% of heart rate
reserve using a stationary cycle ergometer. Subjects will wear layered clothing to promote
sweating while exercising. Patches will be worn at 3 sites (center of lower back; center of upper
chest; and volar surface of the forearm)
6.2.3 Measurements
In addition to the patch-related measurements described above, the following clinical
measurements will be made before (minute 0), during (minutes 30, 60 and 90 of exercise), and 60
minutes after exercise: body weight and body water (via bioelectric impedance), blood osmolality
(hydration status indicator), heart rate, blood pressure, and body temperature.
6.2.4 Participant safety
All exercise testing and safety procedures will align with American College of Sports
Medicine guidelines. Subjects will start the exercise session in a euhydration state (verified by
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urine specific gravity within clinically acceptable range) and body weight change will be measured
at 30-minute intervals during exercise to ensure it does not exceed 3%. Subjects will remain at the
Purdue Clinical Research Center with supervision for at least one-hour post-exercise during which
time they will be fed and consume an electrolyte-containing beverage to re-establish euhydration
status. All experimental procedures will be critically reviewed and approved by the Purdue
Biomedical Institutional Review Board and subjects will sign an informed consent document prior
to participation. All testing will be done at the Purdue Clinical Research Center located at Stone
Hall.
6.2.5 Establish a correlation between the patch reading and the dehydration status of the
wearer
Data collected over time by monitoring the patch and assessing hydration status via
changes in body weight, body water, and blood osmolality will be used to calculate correlations.

6.3

Develop and test the electronic module with wireless data transmission capability
In this task, we will further develop further our working prototype of the capacitive sensor

for electrical measurement of sweat wicking in the patch. We would include an embedded wireless
transmission controller to transmit the stored capacitive data to a smart phone or a smart watch.
This will open avenues for making the fluid replacement recommendations better by including
more information from the internet such as the current weather during the activity and make use
of the sensors in the phone such as the accelerometer to know the heart of the athlete and include
it in the fluid replacement models. A strong emphasis will also be placed on creating a scalable
manufacturing process via fabrication techniques which are amenable to flexible electronics
manufacturing. The sensor will be evaluated using patch prototypes in controlled lab settings.

6.4

Develop the platform for applications other than perspiration monitoring
Although we have started with the application of this paper platform in perspiration

monitoring, but the uniqueness and novelty of the design allows many more possible applications.
Within perspiration monitoring, the patch can be extended to give information about sweat
metabolites and other constituents like ions along with sweat rate, as each of the individual strips
can be used as a host for immunoassays or other detection mixtures catering to analyte. There are
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numerous papers in the literature that demonstrating such paper based devices that emphasize on
the need of controlling the fluidic properties of the platform such as wicking time across multiple
strips. [62][63][64]. The ability to control the design of the strips gives a great handle over the
properties of the fluid flow in them and by altering the width and lengths to get desired temporal
flow performance, the colorimetric detection of multiple analytes can be possibly accommodated
in the platform. The practical nuances of the concept would have to be verified with experiments
which can be the immediate after work of this thesis.

This ability to control the flow rate in the strips by the design can enable this platform to be
extended in use for other bio fluids such as urine or blood. For e.g. it can be used in paper based
urine sensors for infections[65], moisture[66], comfort[67], etc. Therefore, despite the thesis
focusing on the application of perspiration monitoring, the applications of the paper platform
developed in this work are wide ranging and should be experimentally tested as a next step.
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